Two experiments (4 X 4 Latin squares) were conducted, using four multiple-cannulated wethers (mean body weight, 65 kg), to determine effects of treating wheat straw (WS) with alkaline solutions (pH 11.5) of hydrogen peroxide (AHP; .26 g hydrogen peroxide/g WS) on site and extent of nutrient digestion in sheep. Diets contained either 33 to 37% (low WS) or 70 to 72% (high WS) AHP-treated (T) or non-treated (C) WS. Treatment of WS with AHP resulted in increased acid detergent fiber and cellulose conce.ntrations and decreased acid detergent lignin (ADL) concentrations compared with non-treated WS. In Exp. I, intakes were held constant at'approximately 1,044 g dry matter (DM)/d. When fed AHP-treated WS diets, wethers digested more (P<.05) DM, neutral detergent fiber (NDF) and cellulose in the stomach (54.8, 47.4, 51.6 and 20.0%; 65.6, 68.8, 51.5 and 37.2%; 66.6, 74.2,45.2 and 40.7% of intake, respectively, for low WS-T, high WS-T, low WS-c and high WS-c diets) and in the total tract (8.3.0, 74.8, 68.4 and 50.0%; 81.8, 81.0, 53.9 and 42.1%; 85.2,86.9, 50.2 and 47.6%, respectively, for the low WS-T, high WS-T, low WS-c and high WS-C diets), and had lower (P<.05) ruminal pH than when fed the non-treated WS diets. In Exp. 2, the'same wethers were fed diets similar to those fed in Exp. 1, but at ad libitum intake. Wethers. consumed less (P<.05) feed when fed the high WS-c diet than when fed the other three diets (2,234, 2,526, 2,271 and 1,297 g/d for the low WS-T, high WS-T, low WS-c and high WS-C diets, respectively). Digestibilities of DM, NDF and cellulose were higher (P<.05) when sheep were fed the treated WS diets than when fed the non-treated WS diets (82.7, 70.7, 68.4 and 58.0%; 78.6, 72.9,49.4 and 51.6%; 78.0, 84.0, 53.8 and 37.5%, respectively, for the low WS-T, high WS-T, low WS-C and high WS-C diets). Fluid and particulate dilution rates in the rumen were higher (P<.08) when wethers consumed AHP-treated WS diets compared with non-treated WS diets (8.21, 8.56, 6.96 and 6.81%/h; 6.06, 6.73, 4.05 and 3.15%/h, respectively, for the low WS-T, high WS-T, low WS-C and high WS-C diets). The AHP treatment was successful in overcoming the major barriers to microbial degradation of WS in the gastrointestinal tract of wethers.
Introduction
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• Dept. of Anim. Sci. 3 USDA, ARS, Northern Regional Res. Center. Received November 18, 1985 . Accepted April 8, 1986 between cellulose, plant cell wall matrix sugars (primarily hemicellulose) and lignin, as well as the crystalline arrangement of native cellulose polymers, prevent rapid and extensive degradation of plant structural carbohydrates by cellulolytic tnicroorganisms in the ruminant gastrointestinal tract (Northcote, 1972; Bailey, 1973; Van Soest, 1973; Cowling, 1975; Rowland, 1975; Gordon et aI., 1977; Fan et aI., 1980; Cham bat et aI., 1981; . Jung and Fahey, 1983) . Extensive work on chemical treatment of low-quality roughages has been conducted in attempts to improve their feeding value (Guggolz et aI., 1971; Goering et aI., 1973; 868 ] . Anim. Sci. 1986 .63:868-878 Jackson, 1977; Oji et at, 1977; Klopfenstein, 1978; Mora et al., 1983) . This work has shown that disrupting the lignin-carbohydrate bonds and the crystalline structure of cellulose in the plant cell wall is important in increasing the availability of cell wall carbohydrates for microbial fermentation. However, these treatments are impractical on a large-sc:ale basis. In nature, lignin is degraded by various organisms (Eriksson et al., 1980) . While the actUal mechanism of natural delignification is largely unknown, it is believed that oxidants such as hydrogen peroxide may play an important role (Forney et al., 1982; Kutsuki and Gold, 1982) . Gould (1984) developed a procedure to, delignify lignocellulosic material by using an alkaline hydrogen peroxide (AHP) solution. This treatment decreased lignin content and apparently disrupted the ordered structUre of the cellulose polymers (Gould, 1985) . Because AHP treatment of crop residues has been shown to increase degradation of plant cell wall carbohydrates by rumina! microflora (Kerley et al., 1985) , this study was conducted to measure effects of treating wheat straw· (WS) with AHP on site and extent of digestion in sheep fed diets containing low and high levels of AHP-treated WS.
M8tefiatl and Methods
Alkaline Hydrogen Peroxide Treatment of WS. Approximately 90.9 kg WS, 2,274 liters water and 68.2 liters 35% hydrogen peroxide were placed in a 3,790 liter stainless steel vat equipped with a shaft-driven stirrer. Sodium hydroxide (approximately 32.2 liters of a 50% solution) was added until the mixture pH was 11.5. The mixture was stirred overnight at room temperature (24 C) before being pumped into stainless steel screening tanks for collection of solids. Solids were then squeezed with a hydraulic press to remove the bulk of the Water and dried in a forced-air oven at 80 C for 30 min. The dried material' was ground through an. Abbe mill to pass a 6-mm screen before being mixed into diets. This procedure was repeated until a sufficient quantity of AHP-treated WS was obtained. Non-treated WS was ground to pass a 3-mm screen. Animals and Feeding Regimen. In EXp, 1, four ruminal-, duodenal-and ileal-cannulated Suffolk wethers (mean body weight, 65 kg) were used in a 4 X 4 Latin-square design with a 2 X 2 factorial arrangement of treatments, Ruminal cannulae were placed near the top of the dorsal sac. Duodenal cannulae were located approximately 5 em distal to the pyloric sphincter and ileal caI\nulae were placed a similar distance to the ileo-eecal junction. Both intestinal cannulae were "T" type. Wethers were tethered in elevated mesh-bottom pens in a temperature-eontrolled (23 C) room with constant fluorescent lighting. Wethers were fed twice daily (0730 and 1930) at 10% below ad libitum intake of~e consuming wether. Water and trace mineralized' salt 4 were available continually. A bolus containing 1.5 g chromic oxide was administered intra-ruminally at each fc;eding. In EXp, 1, each period consisted of a lo-d adjustment phase followed by a 6-d collection phase. On d 1, 3-and 5 of the collection phase, duodenal and ileal contents were collected 4, 8 and 12 h after the 0730 feeding. On d2, 4 and 6 of the <:ollection phase, duodenal and ileal contents were collected 2, 6 and 10 h after the 0730 feeding.
Approximately 50 ml of digesta from the duodenum and ileum were collected at each sampling and immediately frozen. Duodenal and ileal samples were composited for each wether in each period before processing. Using fecal collection bags, total collection of feces was made on each day of the collection phase; a 20% aliquot was saved and frozen for subsequent analyses. On d 5 of each collection phase, the morning feeding was marked with 200 mg of ytterbium (YbCI 3 •6H z 0) and sheep were dosed intra-ruminally with 100 mg of cobalt as CoEDTA (Uden et al., 1980) . YbCI3' 6H z 0 was sprayed on one-third of the diet 24 h before feeding the marked diet. Diets were sampled once daily during the collection phase for subsequent analysis.
Feeds, duodenal contents, ileal contents and feces were oven-dried at sse and ground through a Wiley mill (2-mm screen). Al,l samples were analyzed for dry marter (OM; AOAC, 1975) . Nitrogen content of. feed, digesta and feces was measured using the Kjcldahl method (AOAC, 1975) . Neutral detergent fiber (NDF) . content of feed, digesta and feces was measured using the a-amylase procedure of Robertson and Van Socsc (1977) . Acid detergent fiber (ADF) and 72% sulfuric acid detergent lignin (ADL) were measured on the same samples according to Goering and Van. Soest (1970) . Cellulose concentrations in feed, digesa. and feces were determined according to Crampton and Maynard (1938) . Ruminal pH measurements were taken immediately after the 4-h ruminal sampling on d 5 of the tollection period using a Beckman s Zeromatic IV pH meter. Ruminal~ples were strained through four layers of cheesecloth after sampling. Ruminal fluid was acidified with 2 ml of 2 N HO and frozen until volatile fatty S Beckman InstrUments, Inc., Palo Alto, CA.
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acid (VFA) analysis. The fluid fraction was then prepared for gas chromatographic analysis of VFA following the procedure of Erwin et al. (1961) . Samples were analyzed for VFA using a Varian Model 4600 gas chromatograph equipped with a hydrogen flame ionization detector. A stainless steel column (about 180 em x 3 mm od) packed with Chromosorb W 6 (60-80 mesh) coated with 20% Tween 80 and 5% phosphoric acid was used. The column oven was operated at 125 C; the gas flow (helium) was approximately 40 mllmin. The VFA concentrations were calculated from peak areas using a Vista 401 data system.
Chromium (Cr) concentration was determined on duodenal, ileal and fecal contents following the procedure outlined by Williams et al. (1962) . Flow values at the duodenum and ileum and fecal output were calculated by dividing Cr dosage per day by the concentration of Cr in digesta and feces.
Whole rumina! contents were taken at 4, 8, 12, 24, 36 and 48 h from three different levels in the anterior, middle and posterior regions of 
PEROXIDE-TREATED (T)& OR NON-TREATED (C) WHEAT STRAW (WS) AT TWO LEVELS (LOW AND HIGH)
Diet (tem the rumen following the administration of markers on d 5 of the collection phase in each period for use in determining particulate (Yb) and fluid (Co) dilution rates (D). Whole rumina! contents were separated into particulate and fluid fractions by squeezing through eight layers of cheesecloth. Particulate matter was dried at 105 C 'and ground (l-mm screen) before Yb analysis. Ruminal fluid samples were centrifuged (31,000 X g for 20 min) and Co .detennined on the resulting supernatant. Rumina! particulate samples were prepared and analyzed for Yb as described by Firkins et al. (1984) . Rumina! samples were analyzed for Co as described by Merchen. et al. (1986) . Particulate and fluid D were determined as the slope of the regression of the natural logarithm of Yb and Co concentrations, respectively, on time.
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Experiment 2 was conducted after Exp. I, using the same wethers. Wethers were handled as described for Exp. 1 except that they were given ad hbitum access to the diets. Orts were collected daily and analyzed for DM, N, NDF and cellulose,. as described for Exp. I, so that nutrient intakes could be calculated. Duodenal d ileal digesta· samples were not collected in this trial. Fecal output! were measured using fecal collection bags. Feces wer.e sampled and analyzed for OM, N, NDF, ADF, ADL and cellulose as described for Exp. 1. Particulate and fluid 0 were determined as described for Exp.1.
Statistical Analysis. Data were analyzed by analysis of variance for a Latin-square design according to the General Linear Models procedure of SAS (1982) . Model sums of squares were separated into animal, period and diet effects. Sums of squares for diet effects were further separated into-J. single degree of freedom comparisons for dietary WS level, AHP treatment and level x treatment interactions. When significant (P<.05) interactions occurred, individual treatment means were compared by the F-test-protected Least Significant Difference method (Carmer and Swanson, 1973) . One observation each from the low WS-C and high Ws-c treatments in Exp. 1 and the high WS-T treaanent in Exp. 2 was lost. Treatment means were calculated by the least-squares method.
Results and Discussion
Treatment of WS with AHP. releases approximately 50% of the lignin as Watersoluble degradation products (Gould, 1984 (Gould, , 1985 . As delignification reaches completion (6 to 8 h), straw particles disintegrate into small, highly dispersed fibers. Observed changes in physical and morphological properties of cellulose fibers suggest that some portion of cellulose is modified during AHP treaanent. An increase (300%) in water absorbancy of WS Que to AHP treatment compared with non-treated WS suggested a significant decrease in the proportion of total cellulose contained in highly crystalline strUctures (Gould, 1985) . In our stUdy, there was an increase in concentration of cellulose in AHP-treated WS compared with non-treated WS due primarily to solubilization of cell wall matrix material (hemicellulose and lignin).
Chemical composition of diets fed to wethers in Exp. 1 and Exp. 2 is presented in table 2. Percent crude protein (CP) varied little among diets. Percent NDF varied among treatments, primarily due to level of WS in the di~. The ADF and ADL contents of diets were affected by both level· of ws in the diet and AHP treatment of WS. As level of WS increased, ADF and AbL content increased. Because AHP-treated WS contained more cellulose and less lignin than did non-treated WS, AHp· treated WS diets contained comparably more ADF and less ADL than did non-treated WS diets. Percent cellulose· varied among diets due to level of dietary WS and AHP treatment of WS. As level of WS increased, dietary cellulose content increased. Because AHP-treated WS had higher cellulose concentrations than did nontreated WS, AHP-treated WS diets had higher concentrations of cellulose than did non-treated WS diets.
In Exp. 1, intake of OM and CP was similar among diets (table 3) . Intake of NDF increased (P.<.05) when wethers were fed the high WS diets..Wethers consumed the most (P<.OS) cellulose when fed the high WS-T diet, the least (P< .05) when fed the low WS-C diet and intermediate amounts when fed the low WS-T or high WS-C diets. Differences in cellulose intake noted when wethers were fed different diets were a function of both level of dietary WS and AHP treatment of WS.
There was a significant interaction between AHP treatment and level of dietary WS on apparent OM digestibility in the stomach (table  3) . When wethers consumed low WS-T, high WS-T or low WS-C diets, similar apparent QM digestibilities in the stomach were noted. Wethers digested the least (P<.05) DM in the stomach when fed the high WS-C diet, undoubtedly because of· poor digestibility of non-treated WS. The similarity (P>.05) in apparent DM digestibility in the stomach when wethers consumed the high WS-T diet compared with the low WS-T and low WS-C dietS indicated that AHP treatment rendered WS as available to microbial attack in the rumen as DM of higher concentrate diets. Apparent CP digestibility in the stomach was lower (P< .05) when wethers were fed the high WS or AHP-treated WS diets. The low apparent CP digestibilities when wethers were fed the high WS diets is probably due to increased efficiency of microbial protein synthesis in the rumen (Bergen et al., 1982) . resulting in increased:" duodenal flow of CP. One reason that AHP treatment decreased the amount of CP apparently digested in the stomach was the lower. (P<.04) rumina! pH (table 4) and slightly faster fluid D (table 4) noted when wethers were fed AHP-treated WS diets. Lower ruminal pH in wethers when fed AHP-treated WS diets would result in decreased rate of ruminal soybean meal degradation and increased escape of dietary protein from ruminal degradation (Loerch et al., 1982) . The slightly fasrer ruminal fluid D in wethers when fed the low WS-T vs low WS-C diet may increase flow of bacterial cells and soluble N to .the small intestine (Harrison et al., 1975) . Neutral detergent fiber and cellulose digestibilities in the stomach were greater (P<.05) when wethers were fed AHPtreated WS diets than when wethers were· fed non-treated WS diers. This appeared to be d~e to increased availability of cell wall carbohy-.drates to rumi~al microbes in AHP-treated WS (Kerley et al.• 1985) .
High ruminal fiber digestion with a concomitant low ruminal pH (table 4) when wethers were fed AHP-treated WS diets contradicts previous reports (Kaufman, 1976; Stewart, 1977; Mackie et al.. 1978; Mertens. 1979; Hiltner and Dehority, 1983) . Our data indicate that degradation of structural carbohydrates in AHP-treated WS is not negatively affected by low ruminal pH. It is possible that the decreased order of the cellulose polymers resulting from AH~treatment would allow cellulose to be degraded more rapidly in the rumen compared with cell wall carbohydrates in non-treated WS. If this is the case, a smaller population of true ruminal cellulolytic microorganisms. such as might be present·in an acidic ruminal environment, would be capable of degrading fibrous material of AHP-treated WS diets. Also, some ruminal microorganisms are capable of degrading amorphous cellulose but incapable of degrading crystalline cellulose (White, 1982) . A significant interaction between AHP treatment and level of dietary WS occurred for apparent DM digestibility in the 
AI-IP treatment X WS level interaction (P<.OS).
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iAHP trealment effect (P<.OS). small intestine. Differences among treatments in apparent digestion of DM in the small intestine were primarily due to apparent digestion of CP at this site. Crude protein digestibility was smilar (P>.OS) . when wethers were' fed the low WS-T, high WS-T and high WS-C dietS and lower (P< .05) when wethers were fed the low WS-C diet. This was due to greater losses of CP in the stomach when wethers were fed the low WS-C diet. The greater (P< .05) digestibility of NDF in the small intestine when wethers were fed AHP-treated WS diets appeared to be due to greater susceptibility of AHP-treated WS to the bacterial population of the lower small intestine (Nicoletti et al., 1984) . No differences (P>.OS) among treatments occurred in cellulose digestion in the small intestine. No significant differences were noted for apparent OM, CP, NDF or cellulose digestibility in the large intestine, possibly because wethers were fed at relatively low intakes. At low intakes, digestion of the potentially digestible feed fractions occurs predominantly in the rumen and small intestine (Johnson and Bergen, 1982) .
Apparent total tract J:M digestibility was greater (P<.OS) when wethers were fed low WS or AHP-treated WS diets. The increased (P<.OS) DM digestibility observed when wethers. were fed low WS diets was due to concentrate replacing WS in the diet. The greater (P<.OS) DM digestibility of AHP·treated WS diets was due to increased availability of structural carbohydrates in AHP-treated WS diets to gut microflora. No significant differences were noted for apparent total tract CP digestibility. Digestibilities of NDF and cellulose were increased (P<.OS) when wethers consumed AHP-treated vs non-treated diets. These data indicate that AHP treatment removed the major limitations to rapid and extensive degradation of WS structural carbohydrates by ruminal microorganisms when wethers were fed at restricted intakes.
Ruminal pH decreased (P<.OS) when wethers consumed low WS or AHP·treated WS diets (table 4). Increased levels of dietary concentrate typically result in decreased ruminal pH (Hungate, 1966; Fulton et al., 1979) due to rapid hydrolysis and fermentation of nonstructural carbohydrates. Because AHP-treated WS diets were extensively digested in the stomach, rapid hydrolysis of structural carbohydrates in AHP-treated WS diets seems likely. This could account for the lower (P<.OS) ruminal pH measured when wethers were fed AHP-treated WS diets. Ruminal fluid and paniculate D and fluid volumes (table 4) were not affected by AHP treatment or level of WS in the diet. While feeding increased roughage levels has been associated with increased fluid D (Rogers et al., 1979; Bergen et aI., 1982) , restricted intakes of sheep in Exp. 1 prevented RuminaI rate -pf passage data for wethers in Exp. 2 are presented in cable 6. Wethers had higher (P<.08) fluid and particulate D when fed AHP-treated WS diets than when fed nontreated WS diets. Increased intake of AHPtreated WS dietS should result in increased rate of passage from the rumen (Grovum and Williams, 1977) . More extensive microbial degradation of AHP-treated WS compared with non-treated WS would result in a greater reduction in strUctural integrity of AHP-treated WS particles (Gould, 1985) . This could result in more rapid particle size reduction of AHPtreated material upon rumination and mixing in the rumen. Particle size reduction is a major factor affecting particulate D from the rumen (Weston and Hogan, 1967) . Total liquid outflow from the rumen (fluid dilution 'rate X ruminalfluid volume x 24 hid) was greatest (P< .05) when wethers were fed the low WS-T diet. This suggested increased water consumption by wethers fed this diet, resulting in an increased fluid D from the rumen. The high-roughage level of the high WS-T diet could increase fluid D by stimulating rumination (Rogers et aI., 1979) . Both of these factors could lead to the higher ruminal fluid Dobserved when wethers were fed AHP-treated WS diets.
In summ~, the:;l: data demonstrate that treatment. of WS with AHP greatly increased availability of cell wall polysaccharides to rumina! microorganisms,. resulting in digestibilities comparable to those associated with diets containing high levels of feed grains. Both .delignification and disruption of the crystalline structUre of cellulose polymers are important in increasing availability of cell wall carbohydrates to gut microbes. The ability f.g,hMeans in the same row that do not have a c:ommon letter in their superscripts differ (P<.05).
to feed highly digestible cellulosic materials to ruminants. while meeting their energy demands for maximal growth and production would eliminate dependence on cereal grains and make available a nearly inexhaustible feed supply. The AHP treatment of WS resulted in a cellulose-rich material that did not react as a no~al roughage in the ruminant gastrointestinal tract. Consumption of AHP-treated material was apparently controlled by mechanisms similar to those controlling intakes of high~oncentrate diets. Digestibility was not affected detrimentally by high intakes of AHP-treated material when compared with a high~oncentrate diet, and the low ruminal pH and fairly rapid rumina! fluid and particulate D did not affect fiber digestion deleteriously. This suggests that treating roughages with AHP would enhance their use as a ruminant energy feedstUff for growth and other productive functions.
